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ULTRA-SHORT WAVELENGTH X-RAY SYSTEM 

GOVERNMENT'S RIGHT CLAUSE 
[0001] This invention was made with government support provided by 
the Department of Energy (Grant No. DE-FG02-96ER14685) and Office of Naval 
Research (Grant No. N0001 4-01 -1-0849). The government has certain rights in 
the invention. 

FIELD OF THE INVENTION 
[0002] The present invention relates to ultrashort-pulse-du ration and 
high-power light sources. 

BACKGROUND OF THE INVENTION 
[0003] In order to satisfy the needs of basic research as well as 
industry, there is currently great interest in coherent, ultrashort-pulse-duration 
and high-power light sources. In basic research, large (kilometer) x-ray 
synchrotrons have met some of these needs, but they are extremely expensive, 
costing hundreds of millions of dollars. Thus, there is a need for an affordable 
and compact source, having a small enough footprint to fit in a university or 
industrial research laboratory or factory setting. Additionally, light with shorter 
pulse durations than are currently produced by synchrotrons are required in order 
to provide ultrafast time-resolution of transient physical or chemical processes. 
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Perhaps the most important applications of advanced x-ray sources are EUV 
lithography and protein structural analysis. 

[0004] In the former case, in order for computer chips to continue their 
exponential increase in speed for a given size, the next generation of lithography 
will require features resolution of less than 50 nm, which in turn will require a 
bright source of light with a wavelength of 13.6 nm. However, current sources at 
this wavelength are not powerful enough to meet the computer manufacturing 
industry's requirements. 

[0005] In the case of protein structural analysis, the primary motivation 
is to be able to map by use of x-ray diffraction the large number of proteins (over 
one million) as has been done for genes (30,000) in the past. Obtaining this 
information is important because proteins direct most biological functions. 
Because of the size of the molecules involved, there is a great need to be able to 
resolve even smaller features than in lithography, 1 nm or less. 

SUMMARY OF THE INVENTION 
[0006] The present invention addresses the need for a highly 
collimated and coherent source to make it possible to better interpret structures 
by having a well-defined diffraction phase. Also, a short pulse is desirable in 
order to obtain the structural information before damage to the sample from the 
absorption of radiation. For the proteins that can be crystallized, ~ 10 10 x-ray 
photons per shot are sufficient. Such large fluxes are not currently produced by 
any source small enough to fit on an industrial research laboratory floor. 
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[0007] The invention provides a method and apparatus to generate a 
beam of coherent light that satisfies all of requirements for uses in lithography 
and protein analysis, among other applications. It is based on the Thomson 
scattering of a high-intensity laser pulse with an electron beam that is 
accelerated by a synchronized laser pulse. In one aspect, a laser-accelerated 
electron gun is coupled with an electromagnetic wiggler or undulator. A further 
refinement is the operation of the device in the collective regime by means of the 
free-electron laser (FEL) mechanism, which increases the coherence of the light 
as well as increases its power. In order to operate in this collective regime, the 
invention provides several means by which the output of the laser-driven electron 
accelerator can be made relatively monoenergetic. Also disclosed are the results 
of simulations and calculations that confirm the attendant large increase in the 
x-ray power at the wavelength of interest for EUV lithography, based on the 
experimentally measured electron beam parameters from a laser-based 
accelerator. Also disclosed are methods to increase the electron flux and thus 
the scattered x-ray power. The inclusion of other concepts for decreasing the 
energy-spread of laser-based accelerators, such as laser injection of electrons 
(see Umstadter U.S. Patent No. 5,789,876), increases this power even further. 
The invention also provides a method for seeding the amplification by the 
injection of radiation of the desired wavelength from a separate synchronized 
laser-pumped x-ray source. 

[0008] The invention provides a method and apparatus to generate 
short-wavelength radiation by means of Thomson scattering in both the single 
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particle and the collective regime from a laser-driven accelerator using an 
electromagnetic (laser) wiggler or undulator. In a related aspect, the invention 
provides a method to increase the amplification of short-wavelength radiation by 
creating a lower emittance beam of electrons from a laser-driven accelerator; and 
creating a more monoenergetic beam of electrons from a laser-driven 
accelerator. 

[0009] Other features include: a method to tune the wavelength of 
short-wavelength radiation by varying the energy of a laser-accelerated beam of 
electrons; a method to overlap a laser beam with an electron beam in order to 
increase the amplification of short-wavelength radiation; a method to vary the 
wavelength of short-wavelength radiation by varying the energy of laser 
accelerated electrons; a method to satisfy phase-matching for the generation of 
short-wavelength radiation by varying the angle of laser accelerated electrons 
with respect to the angle of a scattering laser beam; and a method to change the 
pulse duration of short-wavelength radiation by varying the angle of laser 
accelerated electrons with respect to the angle of a scattering laser beam. 

[0010] Still other features include: a method to increase the flux of 
short-wavelength radiation by increasing the flux of laser accelerated electrons; 
and a method to increase the flux of short-wavelength radiation by varying the 
pulse duration of a scattering laser beam. 

[0011] Further features include: a method to increase the flux and/or 
coherence of short-wavelength radiation by seeding a laser-driven FEL 
(electromagnetic wiggler) with a high-order harmonic radiation from the 
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interaction of lasers with solids, liquids, gases or plasmas; a method to increase 
the flux and/or coherence of short-wavelength radiation by seeding a laser-driven 
FEL with continuum Thomson scattered radiation by seeding a laser-driven FEL 
with radiation from betatron oscillations of electrons driven by lasers propagating 
in plasma channels. 

[0012] Finally, the invention includes a method to generate short- 
wavelength radiation for EUV, XUV or x-ray lithography, and for protein structural 
analysis. 

[0013] Systems and apparatus are provided for use in the aforesaid 
methods. 

[0014] In view of the foregoing, in general, the invention provides a 
method for generating electromagnetic radiation comprising producing a group of 
free electrons, undulating the group of free electrons and causing emission of 
radiation. Various aspects of producing free electrons includes: accelerating 
free electrons by means of an electron beam in a plasma; accelerating free 
electrons in a plasma; accelerating free electrons by means of a laser in a 
plasma; where the accelerating is accomplished, at least in part, by plasma 
wakefield; and where the accelerating is assisted by a DC (direct current) electric 
field. 

[0015] The undulating is accomplished by various means, including an 
electromagnetic laser wiggler and a magnetostatic undulator, among the more 
preferred variations. 
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[0016] The method of the invention is used to lithographically pattern a 
substrate comprising generating electromagnetic radiation by the method of the 
invention and directing the radiation to the substrate. In one variation, the 
electromagnetic radiation obtained by the method of the invention is directed first 
to a mask and then to the substrate. In another variation according to the 
invention, the method for generating electromagnetic radiation is usable in a 
method to produce data for analysis of defined structures comprising: generating 
the electromagnetic radiation by the method of invention and directing the 
radiation to the structure; and then imaging the radiation to a detector. The 
method of the invention is also usable to produce electromagnetic radiation for 
analysis of protein structure comprising generating electromagnetic radiation by 
the method of the invention and directing the radiation to the protein structure 
and then to a detector. 

[0017] Other important general features of the invention included the 
production of radiation at either a fundamental frequency; or where the radiation 
produced by the method of the invention comprises multiple frequencies that are 
multiples of a fundamental frequency. Such multiple frequencies are generated 
by the undulator, characterized by its field strength that is essentially non- 
sinusoidal. 

[0018] In a further feature of the method of the present invention, 
multiple amplifiers are used. This method comprises: generating a first group of 
free electrons, then separately generating seed radiation; and undulating the first 
group of free electrons in the presence of the seed radiation, thereby producing 
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first amplified radiation. Then a second group of free electrons is generated, and 
the second group of free electrons and the first amplified radiation are directed to 
a second undulator to produce second amplified radiation. 

- [0019] Those skilled in the art will appreciate that multiple amplification 
with additional free electrons is possible. In this case, the first group of free 
electrons and seed radiation is generated and an upstream undulator is used, to 
generate upstream amplified radiation. Then a further group of free electrons is 
generated, the upstream amplified radiation and the further group of free 
electrons are directed to a downstream undulator, with repetition of the upstream 
feed to the downstream undulator, multi-stage amplification for a desired number 
of stages occurs. 

[0020] Further in accordance with the earlier described features, free 
electrons are produced in spatially separate groups having essentially non- 
overlapping energy ranges. The spatially separate groups of free electrons 
having the different energy ranges are undulated essentially simultaneously in 
respective separate undulators to cause emission of radiation at various 
frequencies. 

[0021] Further areas of applicability of the present invention will 
become apparent from the detailed description provided hereinafter. It should be 
understood that the detailed description and specific examples, while indicating 
the preferred embodiment of the invention, are intended for purposes of 
illustration only and are not intended to limit the scope of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
[0022] The present invention will become more fully understood from 

the detailed description and the accompanying drawings, wherein: 

[0023] Fig. 1 is a schematic diagram illustrating the underlying physical 

mechanism. 

[0024] Fig. 2 is a schematic of a system for producing ultra-short 
wavelength radiation. In this geometry, no electrostatic or magnetostatic filtering 
is employed, but the electron energy spread is reduced by use of multiple laser 
beams or a density discontinuity to inject electrons at a prescribed phase. 

[0025] Fig. 3 is a second embodiment of an apparatus for producing 
ultra-short wavelength radiation. This shows a DQ configuration. A sector 
magnet is used in conjunction with a quadrupole to reduce the energy spread of 
the electron beam. 

[0026] Fig. 4 is a third embodiment of an apparatus for producing ultra- 
short wavelength radiation. This shows a QQQD configuration. In this case, the 
energy spread of the electron beam is reduced and the electron source is imaged 
to the interaction region by use of three quadrupole magnets followed by a 
dipole. 

[0027] Fig. 5 is a fourth embodiment of an apparatus for producing 
ultra-short wavelength radiation. This shows a DQDQQ configuration. In this 
case, the energy spread of the electron beam is reduced and the electron source 
is imaged to the interaction region by use of a quadrupole magnet between two 
dipoles followed by two more quadrupoles. 
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[0028] Fig. 6 is a fifth embodiment of an apparatus for producing ultra- 
short wavelength radiation. This shows an oscillator-amplifier configuration. The 
components are the same as in Fig. 4, but another synchronized laser beam has 
been added, a harmonics pump laser beam, which is split off with a beam splitter 
and independently delayed by a delay line in similar fashion to the amplifier pump 
beam. The optics used to split the beam and delay it, along with those used to do 
the same for the other two laser beams from Fig. 4 are not shown. This beam is 
focused to a gas jet by a parabolic mirror with a hole in it, through which the 
electron beam passes. The radiation from the gas jet seeds the amplifier. The 
same QQQD configuration of Fig. 4 is used to reduce the energy spread of the 
electrons, but only the dipole magnet is shown. 

[0029] Fig. 7 shows an enlarged version of final optics from Fig. 6. 
The oscillator-amplifier configuration is enlarged. 

[0030] Fig. 8 shows another oscillator-amplifier configuration. The 
components are the same as in Fig. 6, but a DQDQQ configuration of Fig. 5 is 
used to reduce the energy spread of, and image, the electrons. 

[0031] Fig. 9 shows a dual amplifier configuration. A second amplifier 
stage is added, in which a second electron beam and a second pump laser are 
used, after the seeding stage and the first amplifier of Fig. 6. 

[0032] Fig. 10 shows a graph of exponential gain in XUV regime. 

[0033] Fig. 1 1 shows a graph of incoherent XUV source. 

[0034] Fig. 12 shows a graph of collective gain with finite energy 
spread and transverse emittance. 
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[0035] Fig. 13 is a schematic drawing illustrating the physical 
mechanism of a magnetostatic undulator. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0036] The following description of the preferred embodiment(s) is 
merely exemplary in nature and is in no way intended to limit the invention, its 
application, or uses. 

[0037] Laser-based accelerators currently produce electron beams that 
are well collimated (less than 1 -degree divergence angle) with nanoCoulombs of 
charge, with sub-picosecond pulse durations and at repetition rates of 10 Hz. 
They are based on the generation of high amplitude plasma waves by high- 
power lasers, by one of several mechanisms, such as the self-modulated laser 
wakefield acceleration mechanism, the resonantly driven wakefield mechanism 
(see Umstadter U.S. Patent No. 5,637,966), and the heatwave accelerator 
mechanism. One important attribute of these optically-driven accelerators as 
compared to their more conventional radio-frequency based counterparts is that 
the accelerating gradient (1 GeV/cm) is four orders of magnitude greater. Thus 
electron energies of 100-million electron volts (MeV) can be achieved in a 
distance of only 1 mm, as compared with 10 meters. One aspect of their beam 
quality, the transverse emittance, is found to be comparable, or even lower, than 
that from a conventional accelerator. However, their longitudinal emittance, or 
energy spread, is large, almost 100%. Such a large energy spread is reducable 
by use of magnetic filters or injection methods, such as optical injection (see 
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Umstadter '876) or the use of sharp density gradients. Recent experiments have 
shown experimentally that Thomson scattering by such a co-propagating electron 
beam produces a collimated beam of high-order harmonics, also in the direction 
of the laser light. Thomson scattering from counter-propagating relativistic 
electron beams (see Figs. 1 and 2) also results in a Doppler shift, which can 
further up shift the energy of the scattered light well into the x-ray region of the 
spectrum. For example, electrons with only 100-MeV energy can boost a 1-eV 
energy photon to 50 keV. This leads here to an ail-optically driven "table-top" 
hard x-ray source, which is of interest not only as a probe with atomic-scale 
spatial resolution, but also as a medical diagnostic because of the large 
penetration of such energetic light through matter. The basic physical 
mechanism of the invention is as shown in Fig. 1 . 

[0038] Fig. 2, a schematic in greater detail, shows that laser light from 
a high power laser system 1 enters a vacuum chamber 13 through a glass 
window 14. Beam splitter 2 divides the beam into two beams. One goes to pulse 
compressor 12 and the other to delay stage 6 and then on to pulse compressor 
7. The pulse compressors are used to adjust the pulse durations of the two laser 
beams. Both beams are then focused to high laser intensities by off-axis 
parabolic mirrors 9 and 8. One beam (the pump beam) is focused into a high- 
pressure gas jet 10 such that a laser wakefield plasma wave is driven to high 
amplitude, which then accelerates an electron beam to megavolt (MeV) energy. 
The electron beam is focused to a point that overlaps spatially and temporally 
with the counterpropagating laser beam focused by off-axis parabolic mirror 8. 



11 



Attorney Docket No. 21 1 5D-002758 

Thomson scattering, which occurs when the electron beam overlaps with the 
other high-intensity laser beam (the scattering beam), creates a collimated x-ray 
beam, which propagates in the same direction to the electron beam. If the 
electron beam is monoenergetic, then a narrow band x-ray spectrum can be 
produced. A small hole in off-axis parabolic mirror 8 allows the x-ray beam to 
pass through the mirror 8 to the exit port 16, leading to the applications chamber. 
By translating the position of the scanning stage 17, and thus mirror 15 and 
off-axis parabolic mirror 8, the laser focus can be made to spatially aligned to the 
electron beam. Temporal overlap between the laser beam and the electron beam 
is assured by translating delay line 6. 

[0039] In the case where electron energy is reduced, coherent 
radiation with significant amplification over the incoherent signal is generated by 
means of collective bunching of the electrons. This is commonly referred to as 
the free-electron lasing mechanism. An important feature of the present invention 
is a method to produce a coherent beam of short-wavelength radiation through 
the FEL mechanism with lasers acting as both the driver for the accelerator as 
well as the wiggler or undulator. 

[0040] There exist other means to generate x-rays, such as with 
synchrotrons and conventional free-electron lasers (FEL). They rely on 
conventional (radio-frequency) accelerators to generate an electron beam, but 
because of their low field gradients (0.1 MeV/cm), they are usually quite large 
(tens to hundreds of meters in length). Long sets of magnets (tens of meters) are 
required to wiggle the electrons. Laser-Thomson sources, by contrast, accelerate 
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electrons in mm distances and the electrons are wiggled in a mm long interaction 
region by the magnetic field of the laser pulse. 

[0041] The preferred all-optical laser-driven source provides better 
temporal resolution (femtoseconds instead of tens of picoseconds). This is 
preferred over a short-pulse x-ray FEL based on radio-frequency accelerators 
and magnetostatic wigglers, because in each case this will require a 50-GeV 
energy electron beam conventionally accelerated in a 3-km long tunnel to be 
passed through a 50-m long set of wiggler magnets. FELs do have the 
advantage over Thomson sources in that the electrons become tightly bunched, 
improving coherence and x-ray power. Because of their small footprint, laser- 
driven Thomson sources and those enhanced by FEL interactions will be much 
more affordable (less than $1 Million), thus permitting their operation at 
university, industrial and hospital labs. The all-optical laser-driven source has a 
sub-millimeter length accelerator and wiggler. The reason that an accelerator and 
wiggler based on lasers can be so much shorter than one based on a radio- 
frequency accelerator and a magnetostatic wiggler is that the electromagnetic 
wiggler wavelength is micron instead of centimeter, and consequently, the 
energy of the accelerator only needs to be MeV instead of GeV to Doppler shift 
the scattered radiation to a given short wavelength. Also, the length of a laser 
accelerator is four orders of magnitude shorter to achieve a given energy 
compared to a radio-frequency accelerator. 

[0042] The present invention's simulations and calculations show that 
significant gain, on the order of 400 times, is achieved by the FEL mechanism at 
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the important wavelength of 13-nm EUV radiation for lithography if the energy 
spread of the accelerator is reduced to an easily achievable value of a few 
percent. In the limit of zero emittance, the gain is 10 6 . The energy spread is 
reduced by one of several methods: phased injection of electrons into the plasma 
wave or magnetic filtering. The former can be accomplished by means of either 
optical injection or by a plasma density discontinuity. One feature of the present 
•> invention is a method to achieve a plasma density discontinuity by driving a 
shock in the gas jet, either with the collision of flows from two different jets or one 
jet and a physical stop to disrupt the flow. Free-electron laser gain results when 
one of these methods to reduce the electron energy spread were used in the 
scattering geometry shown in Fig. 2. At the very least, the electron flux increases 
by one of these methods of injection. 

[0043] In a further feature, electron energy spread reduction is 
achieved by means of magnetic filtering. Several methods to reduce the energy 
spread by means of magnetic filtering and focusing are also described herein. In 
all cases, the electron beam is dispersed in energy by a dipole magnetic field and 
focused. If the scattering laser beam is focused to overlap with the electron 
focus, but the electrons are dispersed spatially at their focus, then the laser beam 
interacts with only a narrow range of electron energies at any particular focal 
position. If the position of the laser focus is scanned along the dispersion 
direction, then the energy of the scattered x-rays is varied, making this a tunable 
source. 
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[0044] For instance, in one embodiment of the invention, a sector 
electro magnet is used to both disperse and focus the electrons, as shown in Fig. 
3. Laser light from a high power laser system 1 enters a vacuum chamber 13 
through a glass window 14. Beam splitter 2 divides the beam into two beams. 
One goes to pulse compressor 12 and the other to delay stage 6 and then on to 
pulse compressor 7. The pulse compressors are used to adjust the pulse 
durations of the two laser beams. Both beams are then focused to high laser 
intensities by off-axis parabolic mirrors 9 and 8. 

[0045] One beam (the pump beam) is focused into a high-pressure gas 
jet 10 such that a laser wakefield plasma wave is driven to high amplitude, which 
then accelerates an electron beam to megavolt (MeV) energy. The electron 
beam is energy dispersed by sector magnet 41 and focused to a point that 
overlaps spatially and temporally with the counterpropagating laser beam 
focused by off-axis parabolic mirror 8. Thomson scattering and those enhanced 
by FEL interactions, which occurs when the monoenergetic electron beam 
overlaps with the other high-intensity laser beam (the scattering beam), creates a 
collimated, coherent and monoenergetic x-ray beam, which propagates in the 
opposite direction to the laser beam. A small hole in off-axis parabolic mirror 8 
allows the x-ray beam to pass through the mirror 8 to the exit port 16, leading to 
the applications chamber. By translating the position of the scanning stage 17, 
and thus mirror 15 and off-axis parabolic mirror 8, the laser focus can be made to 
spatially overlap with different regions of the electron beam, which contain 
different energy components, thereby tuning the scattered x-ray energy. 
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Temporal overlap between the laser beam and the electron beam is assured by 
translating delay line 6. While this has the advantage of simplicity, it unfortunately 
suffers from the fact that it provides focusing in only one dimension. Because 
there is no vertical focusing, the number of electrons that reach the interaction 
region will not be as high as it would be in the case of focusing in both 
dimensions. Thus, a further improvement is to add a quadrupole magnet 18 to 
focus the beam in the one dimension that the sector magnet does not, as shown 
in Fig. 3. Alternatively, three quadrupole magnets, instead of a single magnet, 
are arranged to follow a sector magnet to focus the beam. 

[0046] A further alternative arrangement is shown in Fig. 4, where the 
beam is focused and dispersed by means of three quadrupole electro-magnets 
followed by a dipole electro-magnet. The electron beam source is then imaged in 
both dimensions to the scattering laser beam's focal point. Laser light from a high 
power laser system 1 enters a vacuum chamber 13 through a glass window 14. 
Beam splitter 2 divides the beam into two beams. One goes to pulse compressor 
12 and the other to delay stage 6 and then on to pulse compressor 7. The pulse 
compressors are used to adjust the pulse durations of the two laser beams. Both 
beams are then focused to high laser intensities by off-axis parabolic mirrors 9 
and 8. One beam (the pump beam) is focused into a high-pressure gas jet 10 
such that a laser wakefield plasma wave is driven to high amplitude, which then 
accelerates an electron beam to megavolt (MeV) energy. The electron beam is 
energy dispersed and focused— by a combination of magnets (a QQQD 
configuration), three quadrupole magnets 18, 19, 20 and a dipole magnet 51— to 
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a point that overlaps spatially and temporally with the counterpropagating laser 
beam focused by off-axis parabolic mirror 8. Thomson scattering and those 
enhanced by FEL interactions, which occurs when the monoenergetic electron 
beam overlaps with the other high-intensity laser beam (the scattering beam), 
creates a collimated, coherent and monoenergetic x-ray beam, which propagates 
in the opposite direction to the laser beam. A small hole in off-axis parabolic 
mirror 8 allows the x-ray beam to pass through the mirror 8 to the exit port 16, 
leading to the applications chamber. By translating the position of the scanning 
stage 17, and thus mirror 15 and off-axis parabolic mirror 8, the laser focus can 
be made to spatially overlap with different regions of the electron beam, which 
contain different energy components, thereby tuning the scattered x-ray energy. 
Temporal overlap between the laser beam and the electron beam is assured by 
translating delay line 6. 

[0047] A different exemplary magnetic configuration (DQDQQ) (41 , 18, 
61, 19, 20) for reducing the energy spread of, and imaging, the electrons is 
known as U.S. Patent 5,198,674 (Underwood) and is shown in Fig. 5. 

[0048] With any of the chromatic magnetic filtering systems described 
above, electrons with slightly different energy ranges are focused to slightly 
different spatial locations. They are undulated separately and simultaneously, 
during the same duty cycle of the laser, to generate electromagnetic radiation 
with different wavelengths. This is a convenient feature when several different 
wavelengths are used for different applications simultaneously or for the same 
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application; for instance, for improved contrast imaging when one wavelength is 
above and one is below an atomic absorption edge. 

[0049] In all cases, the angle of incidence of the scattering laser beam 
is able to be varied with respect to the direction of propagation of the electron 
beam, providing another independent parameter with which to meet the phase 
matching requirements. 

[0050] In yet another aspect, the present invention provides an 
oscillator-amplifier configuration and a method to increase the absolute amplified 
power and coherence of the x-ray beam, which is an optical analogue to a 
travelling wave tube with distributed gain. Here, the same principles discussed 
above are used to create amplified gain, called the amplifier, but rather than 
amplify a signal spontaneously from the level of noise, the amplifier is seeded 
with a signal generated by an "oscillator." This injected signal could be either 
incoherent or coherent radiation that is generated in a gas jet. In the former case, 
it could be incoherent Thomson scattering, and in the latter case, it could be 
coherent harmonics generated from bound electrons in either gases or clusters 
interacting with low-intensity laser light (below the ionization threshold). For 
instance, the ninth harmonic of the 800 nm light could easily produce 90-nm 
wavelength light, which is of interest for EUV lithography. By varying the 
wavelength of the fundamental frequency of the driver, the wavelength of the 
harmonic can be varied. Injecting seed radiation will increase the final amplified 
signal as well as the coherence of the light. Figs. 6, 7 and 8 show schematics of 
various arrangements for seeding the amplifier. 
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[0051] In the schematic of the oscillator-amplifier configuration, shown 
in Fig. 6, the components are mostly the same as those shown in Fig. 4, except 
that another synchronized laser beam has been added, a harmonics pump laser 
beam 72, which is split off with a beam splitter and independently delayed by a 
delay line in similar fashion to the amplifier pump beam 71 . The optics used to 
split the beam and delay it, along with those used to do the same for the other 
two laser beams from Fig. 4 are not shown. This beam is focused to a gas jet 22 
by a parabolic mirror 81 with a hole in it, through which the electron beam 
(coming from 51) passes. The seed pulse of radiation, from the gas jet (22), 
seeds the amplifier. The same QQQD configuration of Fig. 4 is used to reduce 
the energy spread of the electrons, but only the dipole magnet (51) is shown. 

[0052] Fig. 8 show an oscillator amplifier just like Fig. 6 except that 
the DQDQQ configuration of Fig. 5 is used to filter the electron energy, instead of 
the DQQQ of Fig. 4. In Fig. 8, the electron beam leaving the laser magnet of the 
filtering section, in this case the quadropole 20, is focused to the undulator region 
to the right of gas jet 22, where also the seed radiation and the amplifier pump 
radiation 73 are focused. 

[0053] Fig. 7 shows an enlarged version of the seed generation and 
amplifier sections from Fig. 6. It can be seen that the amplifier pump laser 73 is 
focused to the undulator region, just to the right of the target, which in this case is 
a gas jet 22 that provides the medium used to produce the seed radiation. By 
locating the undulator region close in proximity to the source of the seed 
radiation, the intensity of the latter is not reduced by divergence that is caused by 
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diffraction. The seed radiation could be produced by harmonic or continuum 
emission in gases, clusters or plasmas. 

[0054] In still another aspect, the present invention provides multi- 
amplifier configuration. In a dual amplifier, the output of the first amplifier is 
amplified again by a second amplifier, as shown in Fig. 9. The x-ray signal is 
transported between amplifiers, or between the seed source and the first 
amplifier, by means of x-ray optics, such as zone plates, curved mirrors or poly- 
capillary fiber array waveguides. Shown in Fig. 9 is the seed stage, comprising 
the seeding pump laser 72, producing a seed pulse from gas jet 22, which is 
amplified by the electron beam that comes from the left of, and passes through a 
hole in, parabolic mirror 81 , and is focused to the amplifier region, just to the right 
of 22. Amplifier pump beam 73 is focused to the same location, amplifying the 
seed pulse. The amplified radiation pulse then is transported through the hole in 
parabola 8 to the second amplifier region, at the focus of the second amplifier 
pump beam 80, which is focused by parabola 91. The electron beam that is 
generated in gas jet 94 by the second stage electron pump laser 95 and filtered 
by the DQDQQ magnets (92, 98, 93, 99, and 97) is focused to the same location 
as pump beam 80 and the radiation from the first amplifier. The radiation 
amplified by the second amplifier is transported to the right, through the hole in 
parabola 91 , to the application region. 

[0055] Electromagnetic radiation can be generated both at the 
fundamental wavelength, as described above, as well as the harmonics of the 
radiation. The harmonics are generated at several different wavelengths, 
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separated by multiples of a fixed amounts, during undulation due to nonlinear 
interaction. These harmonics produce shorter wavelength radiation for a given 
electron energy than would the generation of the fundamental alone. The 
harmonic content increases with the wiggler field strength. This trend does not 
continue beyond to a certain point for values of the normalized vector potential 
above a few. This is an alternative means to the Doppler shift of generating 
shorter wavelength radiation. 

[0056] The ideal pump laser systems are high average power (10- 
1000 W) solid-state laser-pumped or diode-pumped lasers. An example of the 
former would be a frequency doubled YAG-pumped Tksapphire system operating 
at 1-100 Hz duty cycle, 30-1000-fs pulse duration, 10-100-TW peak power, 
1-1000 joules of energy per pulse, and 800-nanometer wavelength. Alternatively, 
a diode-pumped or Alexandrite-pumped amplifier composed of Yb:FSA or 
Yb:Glass or Yb:YAG. Last, gas lasers, such as C0 2 lasers, that produce short 
pulses by means of optical switching are usable in and system of the invention. 
In any case, the laser system might be built for less than $1 Million and fit into a 
room that is only 25 m 2 . 

[0057] Such large gains may allow the invention to be used in 
conjunction with a high-power laser to achieve sufficient power in the EUV 
spectral region to be suitable for EUV lithography. 

[0058] For instance, 40 W at 13.5 nm, the current design goal for EUV 
lithography, is reachable with a 1.1 kW laser system pumping a laser-driven FEL 
operating with the maximum theoretical conversion efficiency from optical to 
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x-ray radiation, which is the saturation efficiency of the amplifier, 3.6%. To avoid 
the problems associated with the beam's coherence for lithography applications, 
standard techniques to decohere the beam, such as random phase plates, is 
employed. Another advantage of the laser-driven Thomson source as compared 
with current sources based on xenon clusters is that debris is eliminated because 
the target that generates electron beam is well separated from both the region 
where the XUV radiation is generated and thus where the expensive XUV optics 
are located. The electron beam that propagates in the direction of the XUV 
radiation is able to be deflected with a simple dipole magnet. It should be noted 
that with current sources based on xenon clusters 40% of the laser energy goes 
to energetic ions that are more difficult to deflect and can contaminate the 
expensive x-ray optics. Moreover, with the present method, the XUV radiation is 
produced in a narrow beam rather than into a solid angle of sin 2 (0), as in the 
case of current sources based on xenon clusters; thus the radiation can be 
transported to the XUV collection optics without significant loss of power. 

[0059] Further reductions in the energy spread will allow gain in the 
x-ray region for use in protein structural analysis by means of x-ray diffraction. 
The increased coherence from seeding should make this source as bright and 
coherent as the much larger and more expensive synchrotrons. For protein 
structural analysis with proteins that can be crystallized, 10 10 x-ray photons at or 
below 1 nm wavelength are required and are produced in a single shot with a 
conversion efficiency of only 10" 6 , assuming 10-J energy in the pump lasers. As 
discussed below, such conversion efficiencies are easily attained. It is also 
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shown that the most demanding requirements on the x-ray brightness (10 13 
photons/mm 2 - mrad 2 - s-0.1%BW) for microcrystal data measurements with small 
mosaic spreads are able to be met with a laser-based FEL. The high peak power 
of the source has an important advantage over conventional sources — such as 
synchrotrons, which have high average power but low peak power — because 
radiation damage of the protein and surrounding media favors the acquisition of 
the data in a single shot. Furthermore, the short x-ray pulse duration provided by 
this FEL prevents the blurring that is due to the heating associated with the 
absorption of radiation. 

[0060] Several features are determined by using a 1-D analysis, 
showing that the laser and free electron interaction generates coherent XUV 
radiation. The simulation is based on: (1) the filling factor is one that is the 
electron beam and the laser beam completely overlap with each other; and 
(2) the laser beam is approximated by a square pulse. 

[0061] Thus, the present analysis in one aspect is based on Gover's 
work. By way of background, refer to Gover, IEEE Journal of Quantum 
Electronics, Vol. QE-17, No. 3, July 1981, incorporated herein by reference in its 
entirety. The present analysis is developed immediately below and assumes a 
square uniform energy distribution and determines the longitudinal plasma 
susceptibility of the electron-beam propagating in the free space, which leads to 
determination of the collective gain in the free electron and laser interactions. 
This is a simple 1-D model and the inclusion of the transverse emittance is 
included. 
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[0062] Gain Theory - Based on Gover, it was found that the Laplace 
transformation of the collective gain is given by Equati ns (1) and (2). 

[0063] Xp (uj/s) is the longitudinal plasma susceptibility of an electron- 
beam propagating in the free space. It is defined by Equation (3). 

[0064] g* 0) is the canonical momentum distribution function of the 
electron beam and v z is the electron longitudinal velocity component. K is the 
coupling parameter. In the case of the free electron and laser interaction, the 
coupling parameter is given by Gover as per Equation (4). 

[0065] A e is the electron-beam cross section area. A g is the effective 
cross section area of the electromagnetic mode. Together, AJA g is defined as 
"relative power" factor (filling factor), which we assume to be 1 in the calculations 
just to simply the situation. 

[0066] According to Gover, the susceptibility function x(w/s) (Equation 
(3)) can be defined by more familiar functions and parameters. The distribution 
function c/ 0, (p) can be expressed by normalized distribution function of a single 
variable. See Equation (5). 

[0067] n 0 is the electron density, pz, h is the longitudinal momentum 
spread and p 0z is the average electron momentum in the longitudinal direction. 
See Equation (6). 

[0068] poi is the amplitude of the quiver momentum along the 
transverse direction. The axial average velocity can be calculated using v 0z = 
PozKVom)- And yo z can be calculated using the formula as per Equation (7). 
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[0069] Therefore, the plasma susceptibility can be re-written as per 
Equations 8-13. 

[0070] Ezth is the longitudinal kinetic energy spread of the electron 

beam. 

[0071] Usually the Maxmillian distribution is used to approximate the 
real electron distribution. In that case, we will have to solve a transcendental 
fourth polynomial equation, which means we have four waves not three. To 
simplify the calculation, we instead use a square distribution and make the 
calculation easier. 

[0072] Obtaining the electron beam susceptibility, the Laplace 
transformation of the gain will be given by the gain-dispersion relation (Equation 
(1)). When a(s) is inverse, Laplace transformed, the power gain will be given by 
Equation (14). 

[0073] The operating wavelength is determined when the denominator 
in Equation (1) vanishes, which is also called the "dispersion equation." 

[0074] Plasma Susceptibility Of The Electron Beam With A Square 
Distribution - Assume the normalized longitudinal momentum spread as a 
square uniform distribution; i.e., as per Equations (15) and then (16) and (17) 
pertain. Use the fact that x 2 - Xi = ^\. Substitute G'(Q and s + ik 0 into Equation 
(8) and Equation (18) pertains where r= vWWte, C 's defined in Equation (10), 
(jj'p is defined by Equation (12) and v'^h is defined in Equation (13). 

[0075] Further use definitions from Gover, as per Equations (19)-(22). 

[0076] By using these definitions, Equations (23) and (24) result. 
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[0077] Substitute Equations (23) and Equation (24) into Equation (8) 
and Equation (25) results. 

[0078] Once the electron beam susceptibility is obtained, plug 
Equation (25) into Equation (1) to get the Laplace transformation of the 
amplitude gain as per Equation (26). Then Equations (27) and (28) result, 
where Q = k(? p . To get the real gain, carry out the inverse Laplace 
transformation. This can actually be completed by using Fourier transformation. 
See Equation (29). However, this could also be done by using the residue 
theorem. This will give Equation (39), where Aj are the residues of Equation 
(27). Note that all the above derivations co shall be replaced by w - cu 0 , where cu 0 
is the laser's frequency. This is just a matter of notations used by Gover. 

[0079] Numerical Solutions - In order to do this, it is necessary to 
consider the kinematics of the electrons in the laser field. The electrons 
quivering momentum along the transverse direction is approximated by eEo/w 0 , 
and use Equation (6) to calculate the average longitudinal momentum, which will 
further be used to calculate the Yoz- Here, use an alternative way to do this and 
still follow the definitions of Gover. The average longitudinal momentum p 0z of an 
electron with an initial velocity of p 0z can be directly given by Equations (31) and 
(32), wherein the overhead bar means the average along one electron motion 
period and \ ini in the initial relativity factor before the electron enters the 
interaction region with a velocity of fa. The longitudinal average velocity is then 
calculated using the relation v Qz = po z /(y 0 m), which will be used again the 
calculate y 0 z using the definition yoz = (1 - P?oz)~ V2 - 
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[0080] The x A and x 2 in the previous part are yet to be determined. 
This can be done by finding out the high momentum and low momentum of the 
electron beam with a longitudinal kinetic energy spread of E^. 

[0081] In the limit of the zero energy spread and zero emittance, to 
estimate the maximum radiative energy extraction efficiency, use Equations (33) 
and (34), where 5k is the pole of the dispersion relation. 

[0082] Experimental data shows that up to 1.36 x 10 11 
electrons/MeV/sr can be accelerated with energy 2 MeV/sr using a 50-TW laser 
with 1-ps pulse duration. In a separate experiment, 9.7 x 10 8 electrons/MeV/sr 
were produced using a 10-TW power laser with 0.4-ps pulse duration. Lastly, 
9.13 x 10 9 /MeV were reported using a 30-TW power laser with 0.03-ps pulse 
duration. Using the best result, 1.36.10 11 electrons/MeV/steradian and assuming 
a 1 steradian divergence angle, then there are 5 x 10 9 electrons in a 1-% energy 
bandwidth. Note that 1% conversion efficiency, from laser energy to electron 
energy, has been reported recently from thin-film solid target experiments. As 
discussed above, those electrons with energies outside of this 1-% energy 
bandwidth can easily be filtered out by means of magnets. 

[0083] Listed in the Table 1 are the laser and electron beam 
parameters (conservatively assuming 10 9 electrons in a 1 ps pulse focused to a 
10-//m spot), and assuming the electron beam has zero energy spread and 
transverse emittance. 

[0084] Because the electrons get bunched, and therefore emit 
coherent radiation, the power gain of the radiation after the interaction is 
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exponential as show in Fig. 10. From Fig. 10, the x-axis shows that the largest 
gain is designed at around 74 times the laser frequency, which means it lases at 
a wavelength of 13.5 nm 

[0085] A more practical example is when the beam has finite energy 
spread and emittance. First, consider the single particle calculation or incoherent 
Thomson scattering. To simplify the analysis, consider only the first harmonic of 
the Doppler-shifted frequency. Because normalized vector potential of the laser 
field, a, is around 1 , the linear effects dominate and therefore the assumption is 
justified. If the electron bunch has 10 9 particles and they follow a Gaussian 
distribution with an average energy of E 0 = 2.21 MeV and a standard deviation of 
a = Eq x 1 .5%/2 so that 95% of the electrons will fall into the 3% energy spread, a 
spectrum that peaks around 13.5 nm is achieved, as in Fig. 11. The laser 
wavelength used here is 1 yt/m. When finite number of laser optical period is 
considered, there is another broadening effect of MN that should be included, 
where N is the number of optical cycles. 

[0086] Turning to the collective gain, Table 2 gives the beam 
parameters. By assuming a square longitudinal energy spread, the impact of the 
longitudinal energy spread on the collective gain is derived. 

[0087] Because the collective gain theory used is an 1-D model, it can 
not systematically include and transverse emittance into the calculation. 
However, the transverse emittance is converted into the longitudinal energy 
spread and treated the same way as is done for the original kinetic energy 
spread, by adding these two spreads quadratically. Fig. 12 gives the gain curve 
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using the parameters in Table 2. It shows that even with a relatively high energy 
spread and high transverse emittance, reasonable gain in the XUV regime is 
achieved. 

[0088] To compare the current calculations with the conventional light 
sources, one needs to estimate the brightness for both the incoherent and 
coherent radiations. Brightness or brilliance is usually defined as shown in 
Equation (101). 

[0089] The spectral flux is the number of photons per unit time in a 
given bandwidth as shown in Equation (102) where / is the electron beam 
current, (boo/io) is usually taken as 0.1% and needs to be « 1//V. For a gaussian 
beam, the transverse phase space area is given in Equation (103) where certain 
parameters of Equation (103) are as in Equations (104)-(107). The brightness 
becomes as represented by B in Equation (8) and the unit of the brightness is: 
# of photons/(mm 2 - mrad- s-0.1%BW). 

[0090] Then, the parameters listed in Table 2 are to estimate the 
brightness of the incoherent radiation and the results are shown in Table 3. 

[0091] To calculate lie, Equation (109) is used. The analysis also used 
the fact that for the incoherent radiation the transverse phase space is 
predominantly given by the electron beam's emittance. 

[0092] However, given the obtaining of the coherent radiation, the 
brightness can be greatly enhanced by two factors: 

[0093] Transverse Coherence - Because the electron beam is now 
completely coherent transversely, the phase space will be given, in this case, 
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mostly by (Ai/4tt) 2 . For the radiation at Ai = 13 nm, compared to the incoherent 
case, this will give an increase factor as per Equation (110) 

[0094] Temporal Coherence - As shown before, because the electron 
beam is bunched, all electron emit coherently. This is the usual factor of hf e - 
Using the number given by the collective effects as in Fig. 12, it will give another 
increase factor of 400. 

[0095] Relative to the saturation efficiency, to estimate the maximum 
radiative energy extraction efficiency, we use Equation (111), where fj is 
defined as in Equation (112). For the case listed in Table 1, the maximum 
saturation efficiency, according to Equation (111), is 0.61%. For another 
wavelength of interest in lithography, 90 nm, it is 1 .65%. With the tapering of the 
wiggler, the saturation efficiency of an FEL can be increased to 3.5%. Here, the 
same is done by using a chirped laser pulse for the amplifier pump. By doing so, 
a similar efficiency, 3.5%, is achievable with a laser-based wiggler. For r)e = 10 9 
electrons per bunch, the maximum photon energy is extracted from this 
amplification process, assuming is no = 0.61%, and per Equation (113). If the 
number of electrons within the requisite 1% energy range is 5 x 10 9 , which has 
already been achieved experimentally, then E = 10" 5 J. This corresponds to a 
conversion efficiency from laser energy to XUV energy (q^) of = 4 x 10~ 7 , since 
25 J of laser energy was used to produce the electron beam. Another important 
application of a table-top FEL is for metrology or microscopy, the requirements of 
which are much less stringent than those of lithography. In this case, a lower 
power coherent source of x-rays is required in order to characterize the 
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nanometer scale features that are created either by lithography or by any of the 
other means being used in the field of nanotechnology. The laser, electron beam 
and x-ray parameters required for such a device can be met with current 
technology. An example set of parameters for this application are given in Table 
4. 

[0096] Note that a seed pulse of 13 nm wavelength is able to be 
generated by means of harmonic generation in clusters with an efficiency of 
~ 10" 4 , although it is unclear what is the angular distribution of this radiation. 
Thus, even though the calculated gains given in the above examples, even in the 
case of finite electron beam energy spread and emittance, are sufficient to 
amplify a seed pulse to the level of the saturation efficiency of the amplifier, 
0.54%, what limits the conversion efficiency to well below that limit is the 
relatively low energy stored in the electron beam, within the requisite energy 
bandwidth, as can be seen from Equation (113). 

[0097] In order to increase the energy stored in the electron beam, 
either the electron energy or the electron number needs to be increased. In the 
former case, a longer wavelength laser wiggler is required in order to reach a 
given final x-ray wavelength, because of the y 2 -scaling of the latter. For instance, 
the same given x-ray wavelength can be produced either by using a 10-//m- 
wavelength C0 2 laser for the wiggler or a 1 -/;m-wavelength glass-laser wiggler 
but with an electron-beam energy that is ten-times lower. The final energy of the 
x-ray beam is correspondingly ten-times larger in the former case. The stored 
energy is able to be increased even further, by another factor of ten, if a 
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magnetostatic wiggler of mm wavelength were used with a 200-MeV energy 
laser-accelerated electron beam. In the case of a magnetostatic wiggler 200, 
shown in Fig. 13, the magnetic field 210 is pointed in a direction perpendicular to 
the motion of the electrons 220 but alternates in direction along the direction of 
the electron motion. The line designated as 230 represents electron motion that 
would occur without undulation or represents the average motion with undulation. 
From the vantage point of a relativistic electron, this appears equivalent to an 
oncoming electromagnetic wave, and thus all of the descriptions given earlier 
apply. The only important difference is that the wavelength is longer and so the 
same given x-ray radiation wavelength can be generated from a magnetostatic 
wiggler as from a laser wiggler, but from an electrom beam with a higher electron 
energy. 

[0098] The number of electrons in a picosecond pulse might be 
increased— by operating at a higher plasma density— to the Alfven current (17(3y 
kA), which corresponds to 10 12 electrons in 1 ps. This corresponds to rji = 2 x 10~ 3 
if all the electrons were put in the correct energy range by some form of injection, 
for instance. That is, in order to increase the number of electrons even further, 
the electron pulse duration would need to be increased. For XUV lithography, this 
conversion efficiency is comparable to xenon-cluster-based systems, which are 
expected to operate with an efficiency of 0.3%, when the difference between the 
solid angle of the emission and that subtended by the condenser lens is taken 
into consideration. With this conversion efficiency, a laser power 23 kW is 
required to deliver 70 W of inband power on the condenser lens. This is still an 
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order of magnitude below the highest theoretical single-stage saturation 
efficiency for the FEL, 3.5%. 

[0099] Such a high number of MeV-energy electrons per shot have 
been accelerated in experiments with a petawatt-peak-power laser incident on a 
solid-target, 1-mm Au: 2.5 x 10 13 electrons/shot in a beam with a temperature of 
4 MeV or 2/5 x 10 13 /MeV/shot. Given that 4.7 x 10 12 of these electrons are put in 
a 1% energy range, but otherwise have ideal emittance properties, then an 
example set of parameters meeting the power requirements for lithography 
corresponds to this values as shown in Table 5. If the number of electrons were 
further reduced by a factor of ten, then the repetition rate would need to be 
increased by the same factor in order to achieve the same final x-ray power. 
Since the laser in this case had an energy of 500 J, this corresponds to an 
average power of 500 kW. It should be noted that this experiment was not done 
in an optimized parameter regime; if it were, a factor-of-ten reduction in the 
required laser power (to 50 kW) would be expected to result. 

[00100] The relative compactness of laser-driven electrons accelerators 
and wigglers, compared with their conventional counterparts, renders them 
suitable for a new generation of free electron lasers. Here are shown various 
means of reducing the energy spread of laser-driven electron beams in order to 
enable their use for this purpose. The scaling of the conversion efficiency with 
various electron-beam parameters for x-ray wavelengths that are relevant to 
several important applications have been analyzed and demonstrated. Generally 
speaking, the current limitation on the achievable conversion efficiency, to levels 
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well below the highest theoretical single-stage saturation efficiency for the FEL, 
r?i « Ho = 3.5%, originates from the relatively low energy, within a narrow energy 
range, that is stored in current laser-driven electron beams. For the purpose of 
XUV lithography, the efficiency of a laser-driven FEL could, with improvements, 
rival that of xenon cluster sources, r)i = 0.3%, while eliminating the debris 
problem. Such improvements include injection of electrons into the laser-driven 
plasma waves, longer electron pulses, or the use of laser driven arc-discharge 
sources. For more advanced lithography using 1-nm x-rays, the all-laser-driven 
FEL, even with existing electron beam parameters, are thought to be able to 
produce much higher efficiency than any other compact source. 

[00101] Those skilled in the art will appreciate the following variations 
within the scope of the invention for optimization of various features as described 
immediately below. 

[00102] Optimization of the spatial and temporal overlap of the various 
laser and electron beams by: other magnetic field configurations for focusing 
and dispersion; feed back control of the laser or electron focusing optics 
combined with electron- and laser-beam position detectors; electrostatic and/or 
magnetostatic electron beam focusing; imaging of the spatial overlap by use of 
Thomson scattering; passing the beams through a pinhole; interference from a 
thin glass slide; ionization defocusing in a gas; nonlinear (two-photon) effects in 
optical media, such as harmonic generation; Schleiren photography; and/or 
imaging Thomson scattering produced by separate laser beams in a gas jet or 
back-filled chamber. 
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[00103] Optimization of the focus of either the pump or the scattering 
laser foci by focusing with a deformable mirror. 

[00104] Optimization of the wiggler laser beam by: independent variation 
of the parameters of the various laser pulses; synchronization of independent 
laser systems, with different parameters, e.g., one laser for the production of the 
scattering beam, a separate laser for the electron beam generation and another 
laser for the harmonic generation; use of chirped laser pulses; and/or replace 
laser wiggler with magnetostatic wiggler. 

[00105] Optimization of the electron beam parameters by: seeding of 
the density perturbation of the electron beam by variation of the plasma density 
and thus plasma-wave wavelength; pre-bunching the electron beam; variation of 
the gas-jet nozzle orifice; use slit gas jet; replace gas jet with thin-film solid 
target, using either front- or rear-side electron emission; replace gas jet with gas- 
filled capillary; replace or enhance accelerator with laser-triggered direct-current 
Marx-bank capacitive arc-discharge; replace gas jet with an accelerator based on 
the generation of electrons beams in a dense gas with a dielectric-barrier- 
discharge-based cathode; replace gas jet with capillary tube discharge; replace 
gas jet with preformed plasma from ablated solid target; variation of the electron 
beam energy; dual gas jet or gas jet stop to create a plasma density discontinuity 
to inject electrons; variation of the target density; variation of the target element; 
variation of the composite gas or solid; variation of the laser wavelength, pulse 
duration, chirp, contrast, energy, focal spot size; electron beam focusing by 
means of electrostatic lenses; optical injection; reduction of the electron beam 



35 



Attorney Docket No. 21 15D-002758 

emittance by means of laser scattering and radiative damping caused by the 
interaction of the beam with a separate laser beam, or by emittance selector; 
introduction of a correlated chirp on the electron beam and the use of chicane 
magnetostatic system in order to adjust its pulse duration; and/or increase of the 
repetition rate. 

[00106] Optimization of the plasma wave by seeding of the plasma wave 
with another laser pulse shifted in frequency by: the plasma frequency; or replace 
single-pulse laser wakefield with a two-pulse laser beat-wave accelerator; 
optimization of the pulse duration of the pump laser beam by multiple laser 
pulses (RLPA); chirped laser pulses; and/or prescribed pre-pulse by variation of 
laser contrast. 

[00107] Optimization of seed pulse by quasi phase matching by periodic 
plasma density modulation and/or quasi phase matching by periodic capillary 
structure modulation. 

[00108] Optimization of pump lasers by use of a pulse stacker to 
lengthen the duration of the laser pulse on target and/or generation of shorter 
pump wavelengths of any of the pump lasers by means of harmonic generation 
in a nonlinear medium, such as a YAG crystal, using gas amplifiers, such as 
Excimer or Carbon-dioxide, or using chemical laser. 

[00109] Even with existing electron-beam parameters, a laser-driven 
FEL, according to the invention, provides levels of brightness, coherence and 
collimation that are sufficient for protein structural analysis or nano-scale 
metrology and microscopy, and are comparable to, or exceed, those of third 
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generation synchrotrons, while being far more compact and affordable. Unlike 
synchrotrons, they also have the potential to produce a sufficient number of 
x-rays in a single pulse, with a duration that is short enough, for the analysis of 
the protein structure before it is distorted by the absorption of radiation. 
Additionally, they are unique in being absolutely synchronized with a laser pulse, 
and thus can be used to study protein dynamics without jitter. Last, their superior 
coherence properties leads to better phase information, which correspondingly 
leads to improved interpretation of protein structure. 

[00110] The description of the invention is merely exemplary in nature 
and, thus, variations that do not depart from the gist of the invention are intended 
to be within the scope of the invention. Such variations are not to be regarded as 
a departure from the spirit and scope of the invention. 
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TABLES 1-3 



Radiation Wavelength 


90 nm 


13.5 nm 


1 nm 


Beam Properties 


Energy (MeV) 


0.575 


2.240 


9.450 


Energy spread 


0 


0 


0 


Beam current (A) 


3.4 x 10 2 


3.8 x 10 2 


3.8 x 10 2 


Emittance (m- rad) 


0 


0 


0 


jj/bunch 


4.7 x 10 9 


4.7 x 10 9 


4.7 x 10 9 


Bunch length (/xm) 


600 


600 


600 


Beam radius (/xm) 


50 


50 


50 


Number density (ti/m 3 ) 


1.0 x 10 21 


1.0 x 10 21 


1.0 x 10 21 


Gain Parameters 


Seeding (W) 


20 


20 


20 


Efficiency 


0.16% 


0.06% 


0.03% 


Saturation power (MW) 


0.32 


0.52 


1.03 


Gain 


159 


260 


516 


Saturation length (/xm) 


137 


401 


2525 


Avg. Parameters 


Repetition rate (Hz) 


1000 


1000 


1000 


Avg. power (mW) . 


0.64 


1.04 


2.06 


Table 1. Collective effects at different lasing wavelengthes with 
electron's number density of 1.0 x 10 21 /m 3 . 


Radiation Wavelength 


90 nm 


13.5 nm 


1 nm 


Beam Properties 


Energy (MeV) 


0.590 


2.240 


9.450 


Energy spread 


0 


0 


0 


Beam current (A) 


3.4 x 10 5 


3.8 x 10 5 


3.8 x 10 5 


Emittance (nv rad) 


0 


0 


0 


8/ bunch 


4.7 x 10 12 


4.7 x 10 12 


4.7 x 10 12 


Bunch length (/zm) 


600 


600 


600 


Beam radius (fim) 


50 


50 


50 


Number density (it/m 3 ) 


1.0 x 10 24 


1.0 x 10 24 


1.0 x 10 24 


Gain Parameters 


Seeding (W) 


20 


20 


20 


Efficiency 


1.65% 


0.54% 


0.13% 


Saturation power (GW) 


3.30 


4.57 


4.83 


Gain 


1.7 x 10 6 


2.4 x 10 6 


2.4 x 10 6 


Saturation length (fim) 


32 


89 


328 


Avg. Parameters 


Repetition rate (Hz) 


1000 


1000 


1000 


Avg. power (W) 


6.60 


9.14 


9.66 



Table 2. Collective effects at different lasing wavelengthes with 
electron's number density of 1.0 x 10 24 /m 3 . 



N 


100 


//e(#/s) 


2.36 x 10™ 


e(mm-mrad) 


1 


B 


4.36 x 10 17 



Table 3. Brightness for the incoherent source 
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TABLES 4-5 







90 nm 


13.5 nm 


1 nm 


Beam Properties 


Energy (MeV) 


0.575 


2.240 


9.450 


Energy spread 


1% 


1% 


1% 


Beam current (A) 


3.8 x 10' 


3.8 x 10' 


3.8 x 10' 


Emittance (m-rad) 


0 


0 


0 


t| /bunch 


4.7 x 10 9 


4.7 x 10 y 


4.7 x 10 a 


Bunch length (^m) 


600 


600 


600 


Beam radius (^m) 


50 


50 


50 


Number density (Jj/ra 3 ) 


1.0 x 10* 1 


1.0 x 10* 1 


1.0 x 10* 1 


Gain Parameters 


Seeding (W) 


19 


19 


19 


Efficiency 


11.9% 


3.1% 


0.67% 


Saturation power (TW) 


2.6 


2.6 


2.4 


Gain 


~ 10 b 


~ 10 b 


~ 10 e 


Saturation length {urn) 


~ 12 


~ 31 


~ 110 


Avg. Parameters 


Repetition rate (Hz) 


10 


10 


10 


Avg. power (fiW) 


520 


520 


480 



Table 4. Laser-driven FEL parameters for a metrology or crys- 
tallography source, assuming current electron-beam emittance. 







90 nm 


13.5 nm 


1 nm 


Beam Properties 


Energy (MeV) 


0.575 


2.240 


9.450 


Energy spread 


1% 


1% 


1% 


Beam current (A) 


3.8 x 10° 


3.8 x 10° 


3.8 x 10° 


Emittance (m-rad) 


0 


0 


0 


tj/bunch 


4.7 x 10" 


47 x 10" 


4.7 x 10" 


Bunch length {/xm) 


600 


600 


600 


Beam radius (//m) 


50 


50 


50 


Number density (tj/m J ) 


1.0 x 10* 4 


1.0 x 10" 


1.0 x lO* 4 


Gain Parameters 


Seeding (W) 


19 


19 


19 


Efficiency 


11.9% 


3.1% 


0.67% 


Saturation power (TW) 


2.6 


2.6 


2.4 


Gain 


-10" 


~ie u 


~ 10 11 


Saturation length (jum) 


~ 12 


~ 31 


~ 110 


Avg. Parameters 


Repetition rate (Hz) 


1000 


1000 


1000 


Avg. power (W) 


.52 


.52 


48 



Table 5. Laser-driven FEL parameters for various lasing wave- 
lengths of interest for lithography, assuming ideal electron-beam 
emittance. 
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EQUATIONS 1-15 

1 + x(v> s + Jfco)/e 



(s - ik z0 )[l + x(u, s + ik 0 )/e] - i«x(w, s + ik 0 )/e 
X(w, s + ik 0 ) = X P K s + ik 0 ). 



a(0) (1) 
(2) 



1 / eE 0 \ 2 2 7o 2 A-e . 

9 (0) (Pz) = J J 9 (0) (Px,P y ,Pz)dp x dp y 

( Pz-POz \ 
\ Pzth / 



Pzth 



POz 



7o 2 = 



Pox- 



7o 



\/T + (pox/wc) 2 



X(w,*)/e-5^C(0 



J-oo X ~Q 
iu/s -VQz 



c = 



f Pz ~ POz \ _ 
V Pzt/i / 









2 p 








1 


e 2 n 0 


7o7oz 


7o7 2 z 


Pzth 




Ezth 


7o7oz m 


7o7oaA)* mc " 




a(z) 


2 


P(0) 


a(0) 






fo, 


-OO < X < X\ 


S(z) = < 




x \ S: X < %2\ 




o, 


X 2 < X < OO. 



(3) 
(4) 
(5) 



(6) 
(7) 

(8) 

(9) 
(10) 

(11) 
(12) 
(13) 

(14) 
(15) 
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<KQ.f iS 

J-oo x - 



EQUATIONS 16-25 



-L 



X2 J 



dx 
dx 



(16) 



C(0 = 









x 2 - 


- C 


-c 










- <)(*! ■ 


-0 




1 





(17) 



(*2-C)(*i-C) : 



X(w, a + »&©)/« = — 



/2 



«3fc(* + i*o) a 



— p 



X 2 ; 

V zth 



1 



UP 



(18) 



1 



i (5 4- ik 0 ) 



}{ 



Xir(s + ik 0 ) - 







VOz 






+ i5k; 


U) 


-ko- 






u 


<th _ 


~ v 0z 


VQz 



UJ 



r(s + ik 0 ) = (ik z0 + i6k + ik 0 )r 

\VOz J 

= i \6 th + (6k - 6)r] , 



UJ 



i (s + ik 0 ) 

. v 0z 



(19) 
(20) 
(21) 



]}' 



(22) 
(23) 



X(u>, a + ik 0 )/e = 



i— - (s + ik 0 ) = (-5k + 6)i. 

VQz 



(24) 



{x 2 [(6k - 6)r + 0 th ] -(6- 6k)} { Xl [(6k - 6)r + 6 th \ -(9- 6k)} 

(25) 
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EQUATIONS 26-34 



a{s) 1 + x(^,s + i/c 0 )/e 



a(0) ($~ik z0 )[l + x(^> 5 + ^o)A) -tKx(u) ) s + ik 0 )/e' 



W=2~y a( S )e"ds. (29) 



'7— too 
3 

a(0) = 



(26) 
(27) 



a(s) = A - 0g 
a(0) z<5&A + iQ 

A = {x 2 pfe-0)r + 0 t/l ] + (<$fc-0)} (28) 

x {xiKM-tfJr + tftfcJ + ^fc-g)}, 



S=EV", (30) 



Poz = "2C7o/? 2 = mc [70 - 7ini(l - Pzo)] (31) 
1 a * 

7o = t — 3-7 + 7ini , (32) 

4 7ini(l - PzOj 

7 ?0 =^7o 2 2 (l + 7o- 1 )^, (33) 

f\ = Re5A; - 9, (34) 
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EQUATIONS 101-113 



B _ spectral flux (101) 

transverse phase space area ' 

aN (J/e) (Aw/u) (102) 



(27r) 2 S x S I /E v E y - (103) 
Sx, y = y/<rl v + <T? (104) 

S *V = yj<-, y '+<*l> (105) 



<X r ~ — \/2AxL 
47T 



(106) 



<v=vS- (io7) 

J/e = — (109) 
= nvirrl 

= 10 24 x 3 x 10 8 x tt x (5 x 10" 6 ) 2 
= 2.36 x 10 22 #/s. 

e 2 1 x 10- 12 x (4tt) 2 3 , x 

(A^? W (18X10-)' " 6Xl0i (110) 

% = ^7o 2 2 (l+7 0 - 1 )^. (HI) 

?j = Re5/c - 0. (112) 



J^photon = ^O^eeVbeam (113) 

= 0.6% x 10 9 x 1.6 x 10" 19 x 2.2 x 10 6 
= 2.1 x 10 _6 J. 
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